In order to clarify the effect of heat-treatment temperature on the reaction between solid steel and inclusions, in this study, the reaction between Fe-Mn-Si alloy and MnO-SiO2-FeO oxide during heat-treatment at 1373 K, 1473 K and 1573 K were investigated using diffusion couple method, respectively. The results indicate that the width of the particle-precipitated zone (PPZ) and the Mndepleted zone (MDZ) increased with increasing heat-treatment temperature from 1373 K to 1473 K. However, compared with the experimental results at 1473 K, the precipitated particles in the alloy were significantly coarsened and the width of the PPZ decreased at 1573 K. In addition, with increasing heat-treatment time at 1573 K, the composition of the oxide changed from 2MnO· SiO2 to MnO· SiO2 and the manganese and silicon in the oxide obviously diffused into the alloy, resulting in a significant increase of Mn and Si contents in the alloy near the interface.
Introduction
Many researches on the control of inclusions in molten steel have been reported. However, more and more studies have shown that the inclusions in solid steel are probably different from that in molten steel after rolling and heat treatment. Takahashi et al. [1] reported the change in composition of MnO-SiO2 inclusion in stainless steel by heat treatment at 1373 K and 1573 K. The MnO-SiO2 inclusion changed into MnO-Cr2O3 inclusion after heat treatment at 1373 K for 1 h. While the composition of the inclusion did not change after heat treatment at 1573 K. Shibata et al. [2] [3] investigated the mechanism of change in composition of MnO-SiO2 inclusion in Fe-Cr alloy during heat treatment at 1473 K. It's found that the change in composition of MnO-SiO2 inclusion during heat treatment was greatly influenced by the reaction at the interface between the Fe-Cr alloy and oxide inclusions. Kim et al. [4] [5] investigated the reaction between Fe-Mn-Si alloy and MnO-SiO2-FeO oxide during heat treatment at 1473 K by diffusion couple method. After heat treatment at 1673 K and 1473 K, fine oxide particles were precipitated near the interface and Mn content in the alloy decreased, forming the particle precipitated zone (PPZ) and Mn-depleted zone (MDZ), respectively. They thought the diffusion of oxygen from the oxide to the alloy was the main reason for this phenomenon. In addition, to minimize the influence of the pre-melting at 1673K on the experimental results at 1473 K, Liu et al. [6] [7] developed a new technique using confocal scanning laser microscope (CSLM) to produce diffusion couples at 1673 K. The reaction between the alloy and the oxide was more clearly understood. However, the effect of heat treatment temperature on the solid-state reaction between Fe-Mn-Si alloy and MnO-SiO2-FeO oxide is still unclear. Therefore, in this study, three diffusion couples were produced using the improved diffusion couple method and studied by heat treatment at 1373 K, 1473 K and 1573 K, respectively.
Experimental Method
In this study, the chemical compositions of Fe-Mn-Si alloy and MnO-SiO2-FeO oxide used to produce diffusion couples were shown in Table I . According to the experimental results in Ref. [4] , the composition of the alloy and oxide have an equilibrium relation at 1823 K. In this study, the improved diffusion couple method described in Ref. [6] was used to prepare diffusion couples. Firstly, the Fe-Mn-Si alloy and the MnO-SiO2-FeO oxide were prepared by a vacuum induction furnace and an electrical resistance furnace, respectively. The alloy was machined into a regular shape, and a hole with appropriate size was made in the alloy. Secondly, about 0.005g oxide was placed in the hole. The alloy containing the prepared oxide was moved into the CSLM, and pure Ar was introduced after the CSLM chamber was evacuated to a steady state. Subsequently, the pre-treatment temperature was increased to 1673 K at a rate of 100 K/min. When the oxide was completely melted, which could be observed during the heating, the sample was quenched immediately. Then, the diffusion couple sample, a piece of Ti fossil and a block of alloy with the same composition were sealed into a quartz tube. Meanwhile, pure Ar was introduced into the quartz tube. Finally, the quartz tubes were heated at different heat-treatment temperatures for 10 h and 50 h, respectively. The specific heat-treatment plan is shown in Table II . After heat treatment, the quartz tube was quenched by water, and the vertical section of the quenched diffusion couples were analysed using an electro probe micro analyzer (EPMA). Figure 1 shows the interface between the alloy and oxide after pretreatment at 1673 K (Tall-0). Good contact between the alloy and oxide was confirmed, and only a small amount of oxide particles were precipitated near the interface in the alloy. Compared with the results in Ref. [4] , the influence of pretreatment at 1673 K on the subsequent heat treatment experiments was minimized. The oxide consisted of 2MnO· SiO2 phase and some black striped patterns. The change of Mn and Si contents in the alloy near the interface of Tall-0 after pretreatment at 1673 K is shown in Figure  2 . It's found that the Mn and Si content in the alloy were only slightly reduced within 10 μm of the interface. The Width of the particle-precipitated zone (PPZ) and the Mn-depleted zone (MDZ) in diffusion couple Tall-0 were 9 μm and 10 μm, respectively. In this study, the code names for diffusion couple T1 after heat treatment for 10 h and 50 h were set as T1-10 and T1-50, respectively, as well as T2 and T3. Figure 3 shows the interface of the alloy and oxide in diffusion couple T1, T2 and T3 after heat treatment at 1373 K, 1473 K and 1573 K for 10 h and 50 h, respectively. The compositions of the oxide in Figure 3 are shown in Table III . After heat treatment, fine oxide particles and white iron particles were observed near the interface in the alloy and in the oxide, respectively. Compared with T1, the number and size of the precipitated oxide particles in the alloy of T2 were larger. However, the number of the oxide particles and the width of PPZ decreased in diffusion couple T3 after heat treatment at 1573 K. In all cases, the oxide separated into two phases after heat treatment, a gray phase (close to 2MnO· SiO2) and a dark phase (close to MnO· SiO2). The proportion of MnO· SiO2 phase increased with increasing heating time and heating temperature, and the chemical composition of the oxide completely changed to loose and porous MnO· SiO2 phase after heat treatment at 1573 K for 50 h. Figure 4 and Figure 5 show the change of Mn and Si contents in the alloy near the interface, respectively. After heat treatment at different temperatures, the Mn content in the alloy decreased, but it increased within 30 μm or less of the interface. The width of the MDZ increased with increasing heating time and heating temperature. In addition, it could be found that the Mn content in the alloy of T3 was higher and even increased to 3.7% at the interface after heat treatment at 1573 K. The Si content decreased after heat treatment at 1373 K and 1473 K, and it slightly increased within 10 μm of the interface. However, the Si content was obviously higher than the initial value after heat treatment at 1573 K, and it gradually increased with increasing heattreatment time. The change in the width of the MDZ and PPZ with heat-treatment time at different heating temperatures is shown in Figure 6 . In all cases, the width of the MDZ and PPZ increased with increasing heat-treatment time, although the width of the MDZ only increased from 100 μm to 120 μm with increasing heating time from 10 h to 50 h at 1373 K. By comparing the experimental results of diffusion couples T1, T2 and T3, the width of the MDZ was found to increase with increasing heat-treatment temperature. The width of the PPZ increased with increasing heattreatment temperature from 1373 K to 1473 K, while it decreased at 1573 K. 
Discussion
The FeO in the oxide having an equilibrium relation with the alloy at 1823 K decomposed during heat treatment at lower temperatures than 1823 K, and the resulting oxygen diffused from the oxide into the alloy, causing the formation of the PPZ and MDZ in the alloy [4] . The diffusion coefficient of the oxygen in γ-iron increased with increasing temperature [8] , resulting in the increase of the width of the MDZ and PPZ with increasing heat-treatment temperature from 1373 K to 1473 K. As shown in Figure 4 and Figure 5 , after heat treatment at 1373 K and 1473 K, the diffusion of manganese and silicon from the oxide to the alloy occurred to main the electrical neutrality of the oxide, causing slight increase of the Mn and Si contents in the alloy within 30 μm or less of the interface. Compared with the diffusion of oxygen, the influence of the diffusion of manganese and silicon on the width of the MDZ and PPZ can be neglected at 1373 K and 1473 K. But when the heating temperature increased to 1573 K, the Mn and Si contents in the alloy near the interface were obviously higher. The possible reason was that less oxygen diffused from the oxide to the alloy or more manganese and silicon diffused into the alloy. In this study, the chemical composition of the oxide at 25 point within 50 μm from the interface was analyzed by EPMA, and the average value of the results was taken as the oxide component. Figure 8 shows the change of FeO content in the oxide after heat treatment at different temperatures. Compared with the diffusion couple T1 and T2, the FeO content in the oxide of diffusion couple T3 was lower after heat treatment at 1573 K. Therefore, the diffusion of more manganese and silicon from the oxide to the alloy may be the main reason for the higher Mn and Si contents in the alloy of T3 after heat treatment. In addition, as shown in Figure 5 , the Si content in the alloy of diffusion couple T3 was obviously higher than the initial value after heat treatment, and it increased furtherly with increasing heating time. This also indicated that significant diffusion of manganese and silicon from the oxide to the alloy occurred during heat treatment at 1573 K. As mentioned earlier in Figure 3 , compared with T1 and T2, the number density of the precipitated particles in the alloy of T3 was reduced after heat treatment at 1573 K, and the precipitated particles was significantly coarsened with increasing heating time. Therefore, the coarsening of the particles may be the main reason for the decrease in the width of the PPZ at 1573 K.
Conclusions
(1) Fine oxide particles were precipitated in the alloy near the interface and Mn content in the alloy decreased, forming the PPZ and MDZ, after heat treatment at 1373 K, 1473 K and 1573 K. And the width of the PPZ and MDZ increased with increasing heat-treatment time.
(2) The change in the width of the MDZ and PPZ with heat treatment temperature was different. The width of the MDZ increased with increasing heat treatment temperature. While the width of the PPZ firstly increased with increasing heating temperature from 1373 K to 1473 K and then decreased when the heating temperature increased to 1573 K. (3) The chemical composition of the oxide gradually changed from 2MnO· SiO2 phase to loose and porous MnO· SiO2 phase with increasing heat-treatment time at 1573 K, and significant diffusion of manganese and silicon from the oxide to the alloy occurred, resulting in obvious increase of the Mn and Si contents in the alloy near the interface.
